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1990; Wilson et al., 1990). These features have madeHongo, Bunkyo
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Early zebrafish embryos have only three or four primary
motoneurons perhemisegment (Eisen et al.,1986; Myers
et al., 1986). We and others have identified three Islet-1
Summary homologs in zebrafish and termed them zebrafish
Islet-1, Islet-2, and Islet-3 (Inoue et al., 1994; Appel et
Islet-3 is an LIM/homeodomain protein that is ex- al., 1995; Tokumoto et al., 1995). In each hemisegment
pressed specifically in the eyes and the presumptive of zebrafish spinal cord, Islet-1 expression becomes
tectum in the central nervous system of zebrafish (Da- restricted to the rostral and/or middle primary motoneu-
nio rerio) embryos. Overexpression of the protein rons, whereas Islet-2 expression is restricted to the cau-
(LIMIsl-3) consisting only of the Islet-3 LIM domains in dal one or two primary motoneurons. Transplantation
embryos specifically prevented formation of the optic studies (Eisen, 1991) show that the fate of a primary
vesicles; caused abnormal termination of the expres- motoneuron is determined by the stage at which axono-
sion of wnt1, engrailed2 , and pax2 in the mesence- genesis occurs. However, cell fate is labile several hours
before this,and transplantation of one cell to the positionphalic and metencephalic region between 14 hr and
occupied by another causes the transplanted cell to20 hr postfertilization; and severely impaired morpho-
change its fate to that appropriate to the new position.genetic movement in this region between 20 hr and
This was accompanied by changes in the expression26 hr, which should normally lead to formation of the
patterns of Islet-1 and Islet-2 mRNA (Appel et al., 1995).cerebellar primordium. Such defects were all rescued
These results suggest involvement of the Islet-1 andby simultaneous overexpression of Islet-3, suggesting
Islet-2 genes in specification of primary motoneurons inthat LIMIsl-3 acted as a specific dominant-negative vari-
embryonic zebrafish. Tsuchida et al. (1994) also reportedant of Islet-3. These data, combined with the results
that combinatorial expression of four LIM/homeodo-of mosaic analyses, suggest that Islet-3 is activated
main proteins (Islet-1, Islet-2, Lim-1, and Lim-3) definesby putative LIM-binding cofactors and functions to
subtypes of motoneurons in chicks even before they arepromote evagination of the optic vesicles and to main-
segregated into distinct motoneuron columns. Thesetain reciprocal interaction between the mesencepha-
observations have strongly suggested conservation oflon and the mesencephalic±metencephalic boundary
molecular mechanisms underlying motoneuron specifi-essential for normal development of this region.
cation in the evolution of vertebrates.
To further investigate how the Islet-1 family defines
Introduction cellular and regional specificities in the vertebrate ner-
vous system, we tried to produce zebrafish embryos in
The nervous system is composed of neurons with vast which the activities of Islet-3, a member of the Islet-1
diversity, and their identities are defined by the com- family, are functionally repressed (Tokumoto et al.,
binatorial expression of multiple transcription factors 1995). Unlike the other members of the Islet-1 family,
(reviewed by Bang and Goulding, 1996; Daston and Islet-3 mRNA is initially expressed ubiquitously in zebra-
Koester, 1996; Doe and Skeath, 1996). The LIM/homeo- fish embryos and gradually restricted to the eyes and
domain-type transcription factors are one important the presumptive tectal region of the mesencephalon in
family of proteins in this process. These homeodomain- the central nervous system between 20 hr and 24 hr,
containing proteins are characterized by an N-terminal suggesting its involvement in the regional specification
tandem repeat of two cysteine-rich metal-binding do- of the brain (Tokumoto et al., 1995). In this article, we
report that the protein (LIMIsl-3) consisting only of the LIMmains (LIM domains) (reviewed by SaÂnchez-GarcõÂa and
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domains of Islet-3 acts as a dominant-negative variant Results
of Islet-3 in zebrafish embryos. Overexpression of LIMIsl-3
in embryos specifically prevented formation of the optic Neural Islet-3 Expression Dynamically Changes
and Is Ultimately Restricted to the Eyes andvesicles, severely impaired morphogenetic movement
in the mesencephalic region between 20 and 24 hr, and the Tectal Primordium of the Mesencephalon
During the cleavage period, maternal Islet-3 mRNA isultimately resulted in hypoplasia of the cerebellar pri-
mordium in the mesencephalic±metencephalic (mes± detected in all cells (Figure 1A). Initial Islet-3 mRNA is
lost by the end of epiboly, and zygotic Islet-3 transcriptsmet) boundary.Such defects were rescued bycoexpres-
sion of an excessive amount of full-length Islet-3, start to accumulate again from the anterior neural plate
(Figure 1B) and spread caudally to the entire neuralsuggesting that LIMIsl-3 acted as a specific dominant-
negative variant of Islet-3 by competing for activating tissue around the end of the epiboly (10 hr) (Figure 1C).
Islet-3 mRNA once disappears completely around 11molecules. Further mosaic analyses and changes in the
expression patterns of the genes essential for normal hr (Figure 1D) and then soon reaccumulates by 12 hr
ubiquitously in the brain, just when the optic vesiclesdevelopment of the mes and met region suggest that
Islet-3 promotes optic vesicle formation by cell-autono- start to be formed (Figure 1E). From 19 hr on, while the
mes and met region is transforming into the tectal andmous involvement and reciprocal interaction between
the mesencephalon and the mes±met boundary essen- cerebellar primordia as will be described below, the
expression in the optic vesicles and the mesencephalontial for normal differentiation of these regions by main-
taining a secretion level of the wnt1 gene product in the gradully increases, whereas the expression in the rest
of the brain is reduced (Figures 1F and 1G). By aroundmesencephalon.
Figure 1. Expression Patterns of Islet-3 mRNA in Normal Zebrafish Embryos
(A) Ubiquitous expression of maternal Islet-3 mRNA at the eight-cell stage (1.2 hr). An oblique side view.
(B) A 9.5 hr embryo. The transcripts newly accumulate in the anterior neural plate.
(C) Close-up view of the neural plate in a 10 hr embryo. Islet-3 mRNA is expressed ubiquitously.
(D) Close-up view of the neural plate in an 11 hr embryo. Islet-3 mRNA completely disappears.
(E) A 12 hr embryo. Islet-3 mRNA reappears in the entire brain. The optic vesicles (asterisks) have started to be formed.
(F±H) 19 hr, 22 hr, and 26 hr embryos, respectively. Islet-3 mRNA expression gradually increases in the optic vesicles (asterisks) and the
mesencephalon (brackets) and is reduced in the rest of the brain until it is almost restricted to the optic vesicles and the presumptive tectal
region of the mesencephalon. The neural fold in the mes±met boundary is indicated by arrowheads. Dorsal views with anterior to the top
(B±H). The scale bars: 100 mm, (A) and (B); 50 mm, (C±H).
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Figure 2. Eyeless Zebrafish Embryos In-
duced by Overexpression of LIMIsl-3
(A and C) A 15.5 hr embryo injected with
mRNA encoding LIMIsl-3 at the one-cell stage.
(B and D) A 15.5 hr normal embryo. The optic
vesicles indicated by arrows in the normal
embryos are absent in the injected embryos
([A] and [C]). Lateral views with anterior to the
left and dorsal to the top ([A] and [B]). Dorsal
views with anterior to the left ([C] and [D]).
sm, somites. The scale bar, 100 mm.
24 hr, the expression is almost completely restricted were present in thenormal embryos (indicated by arrows
in Figures 2B and 2D). The remaining structures of theto the eyes and the presumptive tectal region of the
body, such as the array of chevron-shaped somites,mesencephalon as previously reported (Tokumoto et al.,
were indistinguishable between the injected and the nor-1995), leaving expression in the rest of the brain only
mal embryos. This was also confirmed by comparisonfaintly higher than the background level (Figure 1H).
of pax2 mRNA expression (Figures 5A, 5D, 7I, and 7L)
(Krauss et al., 1991a,1991b; Mikkolaet al., 1992; PuÈ schelOverexpression of LIMIsl-3 Results in Embryos
et al., 1992a) in the mes±met boundary, the otic vesicles,Lacking the Optic Vesicles
the dorsal commissural neurons in the spinal cord, andA candidate for a dominant-negative variant of Islet-3
the pronephros.was designed based on the previous observation that
Despite absence of the optic vesicles, the lens plac-the LIM domains of LIM/homeodomain proteins prevent
odes, whichwere recognized as a pax6-positive semicir-the homeodomain from binding to target DNA se-
cular thickening of the ectoderm, formed normally (dataquences in vitro and in vivo, and that deletion of the
not shown) and further differentiated into lentoid tissuesLIM domains can increase activity of the homeodomain
(Figure 3A) located on both sides of the diencephalon.(SaÂ nchez-GarcõÂa et al., 1993: Xue et al., 1993; Taira et
Pax6 mRNA was also expressed in the diencephalonal., 1994). These data, combined with the observation
and the olfactory placodes (not indicated) both in thethat LIM domains can also function as specific adapter
normal (Figure 3B) and injected 24 hr embryos as de-elements to promote assembly of multiprotein com-
scribed previously (Krauss et al., 1991a, 1991c; PuÈ schelplexes (Schmeichel and Beckerle, 1994; Arber and Car-
et al., 1992b). A monoclonal antibody (Sawada et al.,
oni, 1996), have led to a model in which the LIM domains
1993) originally raised against chick aB-crystallin re-
negatively regulate the homeodomain function, and
acted intensely with the lens fiber layer and weakly with
such an inhibition is removed in vivo by binding of acti- the lens epithelium layer in the 28 hr normal embryo
vating protein to the LIM domain (Figure 9A, left bottom) (Figure 3D). The lentoid tissue in the 28 hr injected em-
(Dawid et al., 1995). In support of this model, Agulnick bryo also reacted with this antibody (Figure 3C).
et al. (1996) have recently identified a protein termed To examine whether remnant optic vesicles might
XLdb1, which shows a high binding affinity to the LIM have formed in the injected embryos, we compared the
domains of a Xlim-1 LIM/homeodomain protein and syn- expression pattern of endogenous Islet-3 mRNA, as a
ergistically acts with Xlim-1 to give cells a Spemann- marker of early eye-specific transcripts, in the 24 hr
organizer activity. injected embryo with the pattern in the 24 hr normal
Accordingly, we overexpressed the protein (LIMIsl-3) embryo. The 39-half of the Islet-3 cDNA detects only
consisting only of the LIM domains of Islet-3 in zebrafish endogenous Islet-3 mRNA but no injected LIMIsl-3 mRNA.
embryos, expecting that it could block Islet-3 by titrating In the injected embryo (Figure 3E), expression of endog-
out putative activating molecules (Figure 9A, right enous Islet-3 mRNA was detected in the presumptive
bottom). tectal region of the mesencephalon as in the normal
At 14 hr, the zebrafish embryos injected at the one- embryo and in the abnormal bulges abutting the fore-
cell stage with mRNA encoding LIMIsl-3 were completely brain bilaterally. These Islet-3-positive rudimentary lat-
eral evaginations in the rostral forebrain suggest thatdevoid of the optic vesicles (Figures 2A and 2C), which
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some initial steps toward optic vesicle evagination oc-
curred even in the injected embryos.
The Mes and Met Region of the Injected Embryo
Shows Severely Impaired Morphogenetic
Movement and Hypoplasia of the
Cerebellar Primordium
In the normal embryo, the tissues in the mes and met
region undergo dynamic morphogenetic movement be-
tween 20 hr and 26 hr. The mesencephalon widens by
bilateral shifts of the dorsal tissues (alar plates), opening
a transient ventricular space medially, as demonstrated
by comparing Figures 1F and 4C. The alar plates then
start to thicken inwardly to occupy the dorsomedial ven-
tricular space again, giving rise to the tectal primordium
(Figure 4D). This movement of the mesencephalic tis-
sues is accompanied by transformation of the dorsal
tissues in the mes±met boundary into a constriction, the
isthmus, consisting of folded neural tissues (Figures 4C
and 4D). These folds constitute the cerebellar primor-
dium. The stripe expressing pax2 mRNA demarcates
the caudal border of the laterally shifting mesencephalic
tissues (Figure 5E) and is ultimately incorporated into
the rostromedial part of the cerebellar primordium in the
mes±met boundary (Figure 5F) (Krauss et al., 1991a,
1991b; Mikkola et al., 1992; PuÈ schel et al., 1992a).
In the 24 hr injected embryos overexpressing LIMIsl-3,
expression of pax2 mRNA in the mes±met boundary was
completely lost, while the expression in other tissues
remained intact (Figure 5B). The dorsal mesencephalic
tissue did not show such morphogenetic movement as
observed in the normal embryo, and the isthmic fold
was not formed in the mes±met boundary (Figures 4A
and 4B). In the live injected embryos, the dorsal tissue
in the mes±met boundary contained pyknotic dead cells
around 32 hr (Figure 4E)and remained only as a rudimen-
tary swelling attached to the caudal edge of the mesen-
cephalon at 48 hr (Figure 4F). As a result, the injected
embryo lacked the cerebellar primordium almost com-
pletely.
Despite prominent hypoplasia of the cerebellar pri-
mordium, immunostaining of the injected embryo with
anti-acetylated a-tubulin antibody revealed the normal
axonal scaffolds in the ventral tissues of the mes±met
boundary. In the normal 30 hr embryo, the neurons re-
ferred to as the cerebellar neurons are present at the
peduncle of the isthmic fold and project axons ventrallyFigure 3. Lentoid Tissues and Islet-3-Positive Lateral Evagination
(Figure 5H) (Chitnis and Kuwada, 1990; Wilson et al.,in Zebrafish Embryos Injected with LIMIsl-3 mRNA
1990). These axons as well as the axons from the reticu-(A) The expression pattern of pax6 mRNA in the injected 24 hr
embryo. Despite lack of the optic vesicles, the pax6-positive lentoid lar neurons in the first rhombomere and the longitudi-
tissues (arrowheads) located on both sides of the diencephalon nally descending axons of the tract of the postoptic
formed. commissure and of the medial longitudinal fasciculus
(B) The expression patternof pax6 mRNA inthe normal 24 hr embryo.
were all normally observed in the injected embryo (Fig-Pax6 mRNA was expressed in the diencephalon (dc), the eyes (optic
ure 5G).vesicles and the lenses) (ey), and the olfactory placodes (not indi-
cated). (C) A 28 hr injected embryo stained with a monoclonal anti-
body (2D2B6) originally raised against chick aB-crystallin. The len-
toid tissue (arrowhead) was stained with this antibody. by arrowheads. In the left bottom inset, a focus was made more
(D) A 28 hr normal embryo stained with 2D2B6. This antibody stained ventrally to show the left lens placode of the same embryo.
the lens fiber layer (lf) more intensely than the lens epithelium (F) Expression of endogenous Islet-3 mRNA in the normal 24 hr
layer (le). embryo. Endogenous Islet-3 mRNA was detected in the eyes (ey)
(E) Expression of endogenous Islet-3 mRNA in the 24 hr injected and the tectal region of the mesencephalon (tm) in the central ner-
embryo. It was detected in the presumptive tectal region (tm) of vous system exactly as shown in Figure 1H. Dorsal views with an-
the mesencephalon and in the rudimentary evaginations (asterisks) terior to the top (A±F). The scale bars: 50 mm, ([A], [B], [E], and [F]);
abutting the forebrain bilaterally. The lens placodes are indicated 25 mm, ([C] and [D]).
Islet-3 in Zebrafish Eye and Cerebellar Development
373
Figure 4. Morphogenetic Movement of the Mes and Met Region in Normal and Injected Live Zebrafish Embryos
(A and B) A 24 hr and a 26 hr injected embryo, respectively. The dorsal mesencephalic tissues of the injected embryos did not show dynamic
morphogenetic movement. The isthmic neural folds were not formed in the mes±met boundary.
(C and D) A 24 hr and a 26 hr normal embryo, respectively. The laterally shifted alar plates in the mesencephalon are indicated by open
triangles in (C). The tectal primordium is formed by inward thickening of the mesencephalic alar plates, as indicated by open stars in (D). The
dorsal mes±met boundary tissues fold to form the cerebellar primordium. The optic vesicles are indicated by asterisks.
(E and F) A 32 hr and a 48 hr injected embryo, respectively. The dorsal tissues (outlined by broken lines) in the mes±met boundary contained
pyknotic dead cells (some of which are indicated by arrowheads) in (E) and remained as rudimentary swellings attached to the caudal ends
of the mesencephalon in (F).
(G and H) A 32 hr and a 48 hr normal embryo, respectively. The mes±met boundaries in (A±D), (G), and (H) are also indicated by broken lines.
Dorsal views with anterior to the top (A±H). The scale bar: 50 mm (A±H).
Coexpression of Full-Length Islet-3 mRNA for both LIMIsl-3 and normal Islet-3, while rescue
was not achieved by coinjection of mRNA for LIMIsl-3 andRescues Morphological Defects
Among other LIM/homeodomain proteins, the LIM do- full-length Islet-1 (Table 1). These data demonstrate that
LIMIsl-3 functions as a specific antagonist against Islet-3mains of Islet-1 and Islet-2 scored the highest degree
of identity (82% and 92%, respectively) to the LIM do- activity and strongly supports that Islet-3 mediates nor-
mal development of the optic vesicles and the mes andmains of Islet-3 at the amino acid sequence level (Toku-
moto et al., 1995). While overexpression of the LIM do- met region.
mains of Islet-2 had identical effects on the development
of the optic vesicles and the mes and met region as Phenotypic Defect of Cells Overexpressing LIMIsl-3
Is Rescued by Mixing with Normal Cellsoverexpression of LIMIsl-3 (data not shown), overexpres-
sion of the LIM domains (LIMIsl-1) of Islet-1 had markedly in the Mes and Met Region but Not
in the Optic Vesiclesweaker effects on development of the optic vesicles and
no effect on differentiation of the mes and met region In normal development of the optic vesicles and the
mes and met region, both interactionsamong and mech-(Table 1), suggesting a significant specificity of LIMIsl-3
on the phenotypic defects of the injected embryos. anisms autonomous to the cells constituting these tis-
sues could play important roles. To examine how Islet-3To exclude a possibility that LIMIsl-3 caused defects
by functional repression of proteins other than Islet-3, is involved in differentiation of these tissues, we made
mosaic embryos by isochronically transplanting thewe examined whether the defects in the optic vesicles
and the mes and met region could be rescued by coex- blastodermal cells overexpressing LIMIsl-3 into the nor-
mal blastoderm.pression of an excessive amount of normal full-length
Islet-3. Development of both optic vesicles and mes and Of the surviving mosaic embryos that had received
the cells expressing both b-galactosidase and LIMIsl-3,met region recovered in the embryos coinjected with
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Figure 5. Comparison of the pax2 mRNA Expression Patterns and the Initial Axonal Scaffolds between Normal and Injected Zebrafish Embryos
(A±C) pax2 expression in the 14 hr, 24 hr, and 30 hr injected embryos, respectively. Pax2 expression in the mes±met boundary was normal
in the 14 hr embryo but was lost in the 24 hr and 30 hr embryos. Pax2 expression pattern in the rest of the brain remained identical to that
in the normal embryos.
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Figure 6. Incorporation in the Mes and Met
Region and Exclusion from the Optic Vesicles
of LIMIsl-3-Expressing Cells in Mosaic Zebra-
fish Embryos
(A) A 24 hr mosaic embryo that had received
the cells expressing both b-galactosidase
andLIMIsl-3 at the blastoderm stage. The prog-
eny of the transplanted cells were stained
blue for b-galactosidase activity. They were
completely excluded from the optic vesicles
(brackets) but incorporated in the mes and
met region (star). Faint blue signals observed
in the eye regions were derived from the cells
in the overlying ectoderm and the lenses.
(B) A 24 hr mosaic embryo that had received
the cells expressing b-galactosidase alone.
The progeny were incorporated in the optic
vesicles (brackets) and in the mes and met
region (star). Dorsal views with anterior to the
top. The scale bar, 50 mm.
11 incorporated the progeny of the transplanted cells in pattern of wnt1 mRNA in the mesencephalon transforms
into a characteristic T shape with two bilateral stripesthe head region. These cells were completely excluded
from the optic vesicles in 10 of these embryos (Figure near the caudal mesencephalic edge and one at the
dorsal midline (Figure 7J) (Molven et al., 1991; Kelly6A). In only one embryo, a large patch of b-galactosi-
dase-positive cells covered the region that would nor- and Moon, 1995). Eng2 mRNA is expressed in bilateral
triangles covering the mes and met region (Figure 7K)mally correspond to the right optic vesicle, and these
cells had severely disrupted optic vesicle structure (data (Hatta et al., 1991; Ekker et al., 1992; Fjose et al., 1992).
Pax2 mRNA is restricted to the stripe in the mes±metnot shown). In contrast, the transplanted cells were in-
termingled with the normal host cells in the normally boundary as described above (Figures 5D and 7L)
(Krauss et al., 1991b; Mikkola et al., 1992; PuÈ schel etdifferentiated mes and met region of all these mosaic
embryos. al., 1992a).
Expression of all three genes appeared normal in theWhen the cells expressing b-galactosidase alone
were transplanted, seven embryos incorporated the mes and met region of the injected embryos at 10 hr
(Figures 7A±7C). At 14 hr, mesencephalic wnt1 expres-progeny of the transplanted cells in the head region.
The progeny cells were also incorporated in all but 1 sion was significantly down-regulated (Figure 7G), and
the eng2 expression level was slightly reduced (Figure(13 of 14) of the optic vesicles and in the mes and met
region of all of the embryos (Figure 6B). 7H), while pax2 expression in the mes±met boundary
was normal (Figures 5A and 7I). By 20 hr, expression of
wnt1, eng2, and pax2 in the mes and met region wasGene Expression Specific to the Mes and Met
Region Prematurely Terminates in the completely lost except for expression of wnt1 along the
dorsal midline (Figures 8A, 8C, and 8E). In contrast, theirInjected Embryos
To examine whether anomaly at the gene expression expression in the rest of the body remained intact, e.g.,
wnt1 expression along the dorsal midline of the hind-level precedes various mophological abnormalities in
the mes and met region of the injected embryo, we brain and the spinal cord (Figures 8A and 8B); eng2
expression in the muscle pioneers (Figures 8C and 8D);examined the expression pattern of the wnt1 gene as
well as the pax2 and engrailed2 (eng2) genes, all of and pax2 expression in the presumptive optic stalks,
the otic vesicles, the dorsal commissural neurons in thewhich are expressed in the mes and met region and are
essential for normal development of this region. spinal cord, and the pronephros (Figures 8E and 8F).
In normal embryos, wnt1 and eng2 mRNA expression
appears between 8 hr and 9 hr in the overlapping region Discussion
in the presumptive mes±met boundary where pax2
mRNA expression has already started in a chevron Specificity of LIMIsl-3
Overexpression of LIMIsl-3 in developing zebrafish em-shape (Figures 7D±7F) (Krauss et al., 1991b; Fjose et al.,
1992; Kelly and Moon, 1995). By 14 hr, the expression bryos caused specific defects in the formation of the
(D±F) pax2 expression in the 14 hr, 24 hr, and 30 hr normal embryos, respectively. The pax2-positive stripe (stars) in the mes±met boundary
demarcated the caudal border of the laterally shifting mesencephalic tissues in (E) and was incorporated in the rostromedial region of the
cerebellar primordium in (F). os, optic stalk; ov, otic vesicle; and cn, commissural neurons. Dorsal views with anterior to the top.
(G and H) The initial axonal scaffolds in 30 hr injected and normal embryos, respectively, stained by anti-acetylated a-tubulin antibody. In the
normal and injected embryos, the cerebellar neurons (asterisk) in the mes±met boundary and the reticular neurons in the rhombomeres (r1±r4)
projected axons ventrally, and the axons (bracket) in the tract of the postoptic commissure and in the medial longitudinal fasciculcus
longitudinally descend. The trigeminal neurons (tg) are out of focus. Lateral views with anterior to the left and dorsal to the top. The scale
bars: 50 mm, (A±F); 25 mm, ([G] and [H]).
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Table 1. Effects of mRNA Injection on Development of the Eyes and the Mes and Met Region
Number of embryos at 24 hr
Combination of Number Embryos with Embryos without
injected mRNA of injected eyes and isthmic eyes and isthmic General
(amount of injected mRNA) embryos neural folds neural folds malformation#5 Dead
Islet-3 (1.4 ng) 56 19#1 0 8 29
Islet-1 (1.4 ng) 44 13#1 0 2 29
LIMIsl-3 (1 ng) 36 0 25 0 11
LIMIsl-1 (1 ng) 46 35#2 0 0 11
LIMIsl-3 (1 ng)
1 Islet-3 (1.4 ng) 68 21#3 0 11 36
LIMIsl-3 (1 ng)
1 Islet-1 (1.4 ng) 77 0 53#4 0 24
#1 Overexpression of Islet-1 or Islet-3 at this high dose caused embryos truncation or bend of the body but no abnormality in development of
the eyes and the mes and met region.
#2 The average diameter of the eyes was reduced to 85% of the normal size.
#3 Of these embryos, four had truncated bodies, and six had a bend in the tail.
#4 Of these embryos, 18 had truncated bodies, and 5 had a bend in the tail.
#5 Embryos without organized body structures.
optic vesicles and in the morphogenetic movements of the Drosophila homeobox±containing gene sine oculis,
is also expressed in the optic vesicles (Oliver et al.,the mesencephalon and the mes±met boundary. Our
observation that these defects were induced by overex- 1995). The relationship of Islet-3 with the products of
these genes remains to be determined.pression of LIMIsl-3 but not of LIMIsl-1 and that they were
rescued by coexpression of full-length Islet-3 demon-
strated that repression of Islet-3 function rather than A Role for Islet-3 in Mesencephalic
and Cerebellar Developmentnonspecific inhibition of other proteins was the cause
of these defects. Unlike the optic vesicles, both mesencephalon and
mes±met boundary in the mosaic embryos incorporated
the cells overexpressing LIMIsl-3. This indicated that theA Role for Islet-3 in Ocular Development
Presence of Islet-3-positive rudimentary lateral evagin- neighboring normal cells in these regions could rescue
thephenotypic defect of the cellsoverexpressing LIMIsl-3,ations in the forebrain of the injected embryo indicates
that some degree of eye specification and differentiation suggesting a possibility that LIMIsl-3 may interfere with
levels of expression of a secreted signaling moleculemay occur and that the primary defect lies in optic vesi-
cle evagination, suggesting that Islet-3 functions in this that is essential for normal differentiation of these re-
gions but not impair the reception of the signal. In sup-process of eye formation.
When the optic vesicles evaginate, tissues outside port of this hypothesis, expression of the wnt1 gene,
which encodes a secreted signaling molecule, is signifi-the optic vesicles are also expressing Islet-3 mRNA,
although Islet-3 mRNA becomes restricted to the op- cantly down-regulated in the injected embryos 4±6 hr
before disappearance of other mesencephalic genestic vesicles by 24 hr. However, complete exclusion of
LIMIsl-3-expressing cells from the optic vesicles in the such as eng2 and pax2, suggesting that Islet-3 is essen-
tial for maintenance of the wnt1 gene expression.mosaic embryos suggests that autonomous expression
of Islet-3 in the optic vesicle cells is essential for normal Initiation and maintenance of expression of the genes
homologous to wnt1, pax2, and eng2 have been showndevelopment of the optic vesicles, and that Islet-3 may
impart the optic vesicle cells with a surface property to be essential for normal development of the mes and
met region in various vertebrates (reviewed by Bally-that is distinctive from the rest of the brain.
Despite the absence of the optic vesicles, lenses Cuif and Wassef, 1995; Joyner, 1996). The zebrafish
embryos overexpressing LIMIsl-3 phenotypically resem-formed. In Xenopus laevis, lens formation from the ecto-
derm proceeds to some extent even in the absence of ble the mouse embryos homozygously carrying a mild
Wnt1 mutant allele, swaying, which selectively deletescontact with the optic vesicle (Henry and Grainger, 1990;
reviewed by Jacobson and Sater, 1988; Grainger, 1992). the cerebellum while leaving the midbrain relatively in-
tact in morphology (Thomas et al., 1991; Bally-Cuif et al.,Our result is consistent with this observation. A possibil-
ity remains, however, that the Islet-3-positive rudimen- 1995). Functional repression of Pax2 protein by specific
antibody in zebrafish embryos also caused down-regu-tary lateral evaginations in the forebrain may release
some signal capable of inducing lentoid formation, since lation of pax2, eng2, and wnt1 and a localized malforma-
tion of the mes±met boundary similar to that observed inthe lens placodes were often observed to form in the
vicinity of these structures as shown in Figure 3E. the LIMIsl-3-overexpressing embryos (Krauss et al., 1992).
Both vertical and planar induction by the underlyingOther transcription factors have been known to be
critically involved in the eye formation. Down-regulation mesoderm and the organizer, respectively, account for
normal activation of these genes (Hemmati-Brivanlou etof the pax6 gene causes reduction in the size of the
eyes in mice (Hill et al., 1991) and zebrafish (Ekker et al., al., 1990; Ruiz i Altaba, 1992; Doniach et al., 1992; Ang
and Rossant, 1993; Miyagawa et al., 1996). Our observa-1995; Macdonald et al., 1995). Six3, a mouse homolog of
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Figure 7. Expression Patterns of wnt1, eng2, and pax2 mRNA in 10 Hr and 14 Hr Zebrafish Embryos
(A±C) wnt1, eng2, and pax2 expression in the 10 hr injected embryos, respectively.
(D±F) wnt1, eng2, and pax2 expression in the 10 hr normal embryos, respectively. Expression patterns of these genes between the normal
and the injected embryos were indistinguishable at this stage of development.
(G±I) wnt1, eng2, and pax2 expression in the 14 hr injected embryos, respectively.
(J±L) wnt1, eng2, and pax2 expression in the 14 hr normal embryos, respectively. Mesencephalic wnt1 expression (an open star in [G]) in the
14 hr injected embryo was significantly down-regulated, compared to the expression (a closed star in [J]) in the normal embryo. Eng2 expression
in the injected embryo (H) was also slightly reduced, compared to that (K) in the normal embryo. Pax2 expression was indistinguishable
between the injected (I) and the normal (L) embryos. Presumptive optic stalk, indicated by arrows; the mes±met boundary, b; the otic vesicles,
ov; the dorsal commissural neurons in the spinal cord, cn; and the pronephros, p. Dorsal views with anterior to the left (A±F). Lateral views
with anterior to the left and dorsal to the top (G±L). The scale bar (A±L), 100 mm.
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Figure 8. Expression Patterns of wnt1, eng2, and pax2 mRNA in 20 Hr Zebrafish Embryos
(A and B) wnt1 expression in the 20 hr injected and normal embryos, respectively.
(C and D) eng2 expression in the 20 hr injected and normal embryos, respectively.
(E and F) pax2 expression in the 20 hr injected and normal embryos, respectively. The expression of these genes in the mes and met region,
indicated by closed stars in the normal embryos ([B], [D], and [F]), was all lost in the injected embryos as indicated by open stars in (A), (C),
and (E). In contrast, wnt1 expression at the dorsal midline of the hindbrain and the spinal cord, eng2 expression in the muscle pioneers (mp),
and pax2 expression in the presumptive optic stalk (os), the otic vesicles (ov), the dorsal commissural neurons in the spinal cord (cn), and
the pronephros (pn) were normal in the injected embryos, compared to the expression patterns in the normal embryos. The yolks have been
removed. Lateral views with anterior to the left and dorsal to the top. The scale bar, 100 mm.
tion that all these genes start to be expressed around neighboring host tissue and transformed it into an ec-
topic midbrain (Bally-Cuif and Wassef, 1994; Marin andthe presumptive mes±met boundary in the right spatio-
temporal manners indicates that the initial activation of Puelles, 1994), suggesting that the mes±met boundary
induces mesencephalic differentiation. Recent datathese genes is not impaired in the injected embryos.
Existence of time lag between the termination of wnt1 have suggested that FGF8 intrinsically expressed in the
mes±met boundary may act as a signaling moleculeexpression and that of eng2 and pax2 suggests that the
anterior mesoderm may maintain activity to induce eng2 mediating this induction (Crossleyet al.,1996). Presence
of inductive signaling in the opposite direction, i.e., fromand pax2 expression during this period.
For maintaining expression of these genes later in the mesencephalon to the mes±met boundary, has also
been suggested. Although Wnt1 is not expressed in thedevelopment, reciprocal interaction between the mes-
encephalon and the mes±met boundary plays an impor- mes±met boundary innormal mouse development, Wnt1
mutant mice lack, both of the midbrain and the cerebel-tant role. The mes±met boundary tissue transplanted in
the caudal forebrain induced Wnt1 expression in the lum, a derivative of the mes±met boundary (McMahon
Islet-3 in Zebrafish Eye and Cerebellar Development
379
In the injected embryo, dead cells were observed
around 32 hr in the mes±met boundary tissue, which
should normally give rise to the cerebellar primordium.
This tissue remained as a rudimentary swelling attached
to the caudal edge of the mesencephalon at 48 hr. Al-
though more quantitative analysis is required toexamine
whether cell death could solely account for the promi-
nent hypoplasia of the mes±met boundary tissue, these
abnormalites may reflect lack of a putative mesen-
cephalic signal in the injected embryos, which would
normally exert trophic effects on thecells in the mes±met
boundary.
In normal mouse embryos, all spinal motoneurons ini-
tially express Islet-1, but the nearby En1-positive in-
terneurons do not. Mice that are homozygously deficient
for the Islet-1 gene lack not only motoneurons but also
the En1-positive interneurons (Pfaff et al., 1996). Differ-
entiation of these interneurons in the explant from the
spinal cord of the mutant embryos is rescued by contact
with thewild-type spinal tissue containing motoneurons.
These data suggest that motoneurons release a signal
that induces differentiation of En1-positive interneurons.
Such an interaction of one tissue expressing the Islet-1
family with another expressing the En family presents
a situation similar to what we have observed for Islet-3
Figure 9. Models on Islet-3 Regulation and Function in the mes and met region.
(A) A putative molecular basis for Islet-3 activation (left bottom) and
repression (right bottom).
(B) A possible role for Islet-3 in the reciprocal interaction between Transcriptional Multiprotein Complex
the mesencephalon and the mes±met boundary. Induction of one in Cellular Specificationmolecule by the other is symbolized by an arrow connecting the
Our results are consistent with a model in which Islet-3involved two molecules. Wnt1 expression in the caudal mesenceph-
is activated by cofactors that bind to Islet-3 through thealon and pax2 expression in the mes±met boundary are indicated by
shade and hatch, respectively. A molecule (asterisk) that is released LIM domains. Although XLdb1 (or its mouse homolog
from the mesencephalon and mediates inductive signaling for the Ldb1) with a high binding affinity to the LIM domains
maintenance of pax2 expression in the mes±met boundary has not of Xlim-1 (or mouse Lim1) has been recently reported
been identified. (Agulnick et al., 1996), cofactors specific to Islet-3 have
not been identified. Pleiotropic functions of Islet-3 as
and Bradley, 1990; Thomas and Capecchi, 1990; McMa- deduced in this paper may be achieved by binding of
hon et al.,1992). In such mice, En1 expression is initiated different activating molecules. Some LIM/homeodomain
normallybut is lost later, demostrating that Wnt1 expres- proteins have been shown to interact with other tran-
sion in the mesencephalon is necessary for the mainte- scription factors of various classes (German et al., 1992;
nance of the En1 expression. Recent data have further Xue et al., 1993). Other homeodomain-type transcription
suggested that the signaling mediated by Wnt1 regu- factors are also known to bind each other, e.g., Ftz with
lates development of the mes and met region mainly Paired (Copeland et al., 1996) and Ubx with Exd (van
by activating En transcription, and that En protein then Dijk and Murre, 1994; Chan et al., 1994). Multiprotein
activates a putative mesencephalicsignal that promotes
complexes composed of these transcription factors
normal development of the mesencephalon and the
show a synergistic increase in affinity and specificity for
mes±met boundary (Danielian and McMahon, 1996).
target DNA sequences, compared to the case whenIslet-3 expression becomes restricted to the pre-
factors act individually. Therefore, complex formationsumptive tectal region of the mesencephalon as the mes
by multiple transcription factors may have been adoptedand met region transforms into the tectal and cerebellar
in evolution as efficient means to increase diversity inprimordia. Taking this characteristic expression pattern
regulatory machinery for activating different sets ofinto consideration, we putatively fit Islet-3 in the per-
genes (reviewed by Lamb and McKnight, 1991). Com-spective of the aforementioned reciprocal interaction as
plex formation may also help specific gene activationthe following (also as illustrated in Figure 9B), i.e., Islet-3
only in the restricted region where expression of dif-may function either in conditioning the mesencephalic
ferent transcription factors is overlapping. LIM/homeo-tissue to be capable of expressing wnt1 in response to
domain proteins may likewise mediate formation ofthe FGF8 signal emanating from the mes±met boundary
transcriptional multiprotein complexes through LIM do-or more directly in transduction of the FGF8 signal within
mains and thus contribute to increasing the complexitythe mesencephalic cells to maintain the wnt1 gene ex-
of the nervous system. In this respect, the identificationpression. We futher speculate that the severe impair-
of putative activating molecules of Islet-3 would facili-ment of morphogenetic movement in the mes and met
tate elucidation of the molecular mechanisms underly-region of the injected embryo was caused by disruption
of this reciprocal interaction. ing the regional or cellular specification in the brain.
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